We recently reported that ZBTB7A is a bona fide transcription repressor of key glycolytic genes and its downregulation in human cancer contributes to tumor metabolism. As reduced expression of ZBTB7A is found only in a subset of human cancers, we explored alternative mechanisms of its inactivation by mining human cancer genome databases. We discovered recurrent somatic mutations of ZBTB7A in multiple types of human cancers with a marked enrichment of mutations within the zinc finger domain. Functional characterization of the mutants demonstrated that mutations within the zinc finger region of ZBTB7A invariably resulted in loss of function. As a consequence, the glycolytic genes were markedly upregulated in cancer cells harboring ZBTB7A zinc finger mutation, leading to increased glycolysis and proliferation. Our study uncovers the loss-of-function mutation in ZBTB7A as a novel mechanism causing elevated glycolysis in human cancer, which carries important therapeutic implication.
) is a member of the POZ/BTB and Krüppel (POK) family transcription factors. Human genome contains 43 genes encoding POK proteins. 5 POK proteins harbor C-terminal zinc fingers and an N-terminal BTB domain. Zinc finger domain recognizes and binds specific DNA sequences, whereas the BTB domain mediates homodimerization and/or heterodimerization and interacts with other proteins. 6 POK transcription factors have been recognized as critical developmental regulators and have been directly implicated in human cancer. 7, 8 For instance, BCL6 (B-cell lymphoma 6) and PLZF (promyelocytic leukemia zinc finger) are critical players in the pathogenesis of Non-Hodgkin's lymphoma and acute promyelocytic leukemia, respectively. 9,10 ZBTB7A shares structural similarities with BCL6 and PLZF and has a critical role in embryonic development, hematopoiesis and tumorigenesis. 1, [11] [12] [13] Originally, ZBTB7A was found to act as a proto-oncoprotein owing to its ability to repress the transcription of tumor suppressor ARF.
1 Recent cancer genomics study indicates the genetic loss of 19p13.3 chromosome region, which contain ZBTB7A, during the progression of multiple human cancers. 14, 15 Genetic loss of ZBTB7A chromosome region argues against the proto-oncogenic role of ZBTB7A in human cancer. In mouse prostate, loss of Zbtb7a promote the progression of Pten loss driving prostate cancer, suggesting a tumor suppressive function of Zbtb7a in prostate cancer. 16 Recently, we have uncovered a novel tumor suppressive function of ZBTB7A that directly represses the expression of key glycolytic genes and its loss results in the induction of glycolysis promoting tumor progression. 17 With the finding that reduced ZBTB7A expression owing to chromosome deletion occurs only in a subset of human cancer, we wondered whether there might be alternative mechanisms of ZBTB7A inactivation. We addressed this question by mining human cancer genome databases and discovered recurrent somatic mutations of the ZBTB7A gene with a marked enrichment within the zinc finger domain. We present multiple lines of evidence demonstrating that mutations within the zinc finger domain invariably lead to loss of function. Consistently, cancer cells harboring mutations within ZBTB7A zinc finger domain displayed highly elevated rate of glycolysis and proliferation, and importantly a heightened sensitivity to inhibitors of glycolysis. Our study implicates that ZBTB7A mutations may serve as driving events in promoting tumor progression.
RESULTS
Somatic mutation in the zinc finger domains of ZBTB7A in human cancers Cancers are caused by genetic alterations of cancer genes with very few (such as P53, PTEN) mutated at a high frequency (420%), whereas most cancer genes are mutated at a relatively low frequency (2-20%) in a given cancer type. 18 The Cancer Genome Atlas and International Cancer Genome Consortium contain information of a vast number of somatic mutations in thousands of human cancers from over 40 cancer types. 19, 20 With the finding that the decrease in ZBTB7A copy number owing to chromosome loss was detected only in a subset of human cancers, we explored alternative mechanisms that could result in loss of ZBTB7A function. We mined human cancer genomic databases for ZBTB7A somatic mutations and detected a total of 47 missense, and six frame shift and 15 silent mutations (Supplementary Table S1 ). All these ZBTB7A somatic mutations have not been previously described. Interestingly, of the total 47 missense mutations, 20 (43%) mutations are found in zinc finger domain (Figures 1a and b  and Supplementary Table S1 ). On the basis of the missense mutation density, there is a significant enrichment within the three zinc finger domains when compared with other regions of ZBTB7A (Figure 1c) , suggesting a selection of these zinc finger mutants in human cancers. Among several different cancer types, colorectal cancer had the highest ZBTB7A mutation rate, 1.9% and 4.2% based on two different databases (Figure 1d ).
Of note, the enrichment of mutation within the zinc finger domains appears to be unique to ZBTB7A as there is no similar mutation pattern found in other POK family members BCL6 or PLZF (Supplementary Figure S1 and Supplementary Figure S2 ).
ZBTB7A zinc finger mutants lose transcription repressor activity We went on to characterize the functional consequence of the ZBTB7A mutations found in human cancers. As a POK family of transcription factor, ZBTB7A is known to repress the transcription of target genes by binding to their promoters through zinc finger domain.
6 ZBTB7A target genes include ARF, 1 GLUT3, PFKP and PKM. 17 We used a ZBTB7A target gene promoter-driven luciferase reporter to assess the activity of ZBTB7A mutants. A total of 30 ZBTB7A mutants were generated, confirmed by Sanger sequencing (Supplementary Table S2 ) and cloned into a pcDNA 3.1/His C vector, with the wild-type human ZBTB7A as a control. As shown previously, 17 wild-type ZBTB7A significantly suppressed the activity of GLUT3, PFKP and PKM promoter-driven luciferase (Figure 2 and Supplementary Figure S3) . Notably, many ZBTB7A mutants showed a significantly compromised ability to repress the activity of GLUT3, PFKP and PKM promoter-driven luciferase ( Figure 2 and Supplementary Figure S3) . Remarkably, we found that all the mutations within the first zinc finger domain, R399L, R402H, T403N, H404R, G406V, P409S, C412Y resulted in significantly decreased ability of suppression when compared with wildtype ZBTB7A (Figure 2 ). The K424N mutation within the second zinc finger domain also significantly diminished ZBTB7A's transcriptional suppression (Figure 2 ). Relative to the first zinc finger domain, the mutations within the third zinc finger domain also compromised ZBTB7A transcription repression ability, albeit to a lesser extent (Figure 2) . Interestingly, the extent of decrease in transcriptional repression correlated with the mutation frequency of ZBTB7A in human cancers, which is the highest within the first zinc finger domain than other domains (Figure 1c ). Western analysis was performed to ensure a comparable protein expression level of the ZBTB7A mutants. The result indicated that except R49H mutant, all others expressed at a level comparable to wild-type ZBTB7A (Figure 2c ). The much lower abundance of the R49H mutant correlated with the significantly compromised transcriptional repression ability. This reduced protein level appeared to result from a posttranscriptional mechanism as there was no decrease in the R49H messenger RNA level ( Figure 3) . Indeed, treatment of cells with a proteasome inhibitor MG132 (5 μM, 24 h) completely rescued the defect in protein expression, indicating that the R49H mutation was associated with increased protein instability ( Figure 3 ). As a transcriptional repressor, ZBTB7A is primarily localized in the nucleus. We asked whether the compromised ability of the ZBTB7A mutants was caused by the alteration of protein distribution. We addressed this question by examining the subcellular localization of the ZBTB7A mutants by immunofluorescence staining. The results revealed that like the wild-type protein, all ZBTB7A mutants, including zinc finger mutants localized in the nucleus (Figure 4 ). ZBTB7A zinc finger mutants lost the ability to bind to the target DNA sequence Knowing that the zinc finger domain of ZBTB7A is required for DNA binding, we assessed the ability of the zinc finger mutants to bind the promoter of target gene by chromatin immunoprecipitation. The control vector, Xpress-tagged ZBTB7A, wild type, P14S, R399L, R402H or H404R was expressed in cells and chromatin IP was performed using an anti-Xpress antibody. Quantitative PCR results confirmed that wild-type ZBTB7A could specifically bind to GLUT3 and PFKP promoter but not random negative control genomic sequence (Figures 5a-c) . In contrast with wild-type ZBTB7A, the zinc finger mutants R399L, R402H and H404R lost the ability of binding to the GLUT3 and PKM promoters (Figures 5b and c) . This effect appeared to be specific to the zinc finger mutation because the P14S mutant retained the promoter binding activity. Importantly, the loss of promoter binding corresponded to the loss of transcriptional repressor activity of these zinc finger mutants, consistent with the requirement of zinc finger domain-mediated DNA binding for the ability of transcriptional suppression. Dominant negative activities of ZBTB7A zinc finger mutants The frequency of gene mutation at both alleles is usually much lower than at single allele. We asked how the mutants and wild-type ZBTB7A might interact with each other when both were present. We transfected increasing doses of zinc finger mutants R399L, R402H or H404R in the presence or absence of wild-type ZBTB7A. With both pGL3-GLUT3 ( Figure 6a ) and pGL3-PFKP (Figure 6b ) promoter-driven luciferase, the expression of zinc finger mutants R399L, R402H or H404R impeded the transcriptional suppressor activity of wild-type ZBTB7A in a dose-dependent manner. The results suggest a dominant negative function of R399L, R402H or H404R zinc finger mutants against wild-type ZBTB7A in transcriptional repression of glycolysis genes.
ZBTB7A zinc finger mutations stimulate cell proliferation by promoting glycolysis We next investigated the biological consequence of the zinc finger mutants of ZBTB7A with the R399L mutant as the representative. SW48 colon carcinoma cells stably expressing ZBTB7A (R399L) were established with wild-type ZBTB7A included as a control. Western analysis showed that wild-type and R399L mutant of ZBTB7A expressed at a comparable level, which was slightly higher than that of the endogenous counterpart ( Figure 7a) . Remarkably, the expression of exogenous ZBTB7A proteins had significant impact on the rate of cell proliferation. Additional expression of wild-type ZBTB7A was associated with a decrease in cell proliferation when compared with the vector control cells, suggesting a gene dosage effect of ZBTB7A. On the other hand, the ZBTB7A mutant expressing SW48 cells grew faster than the control cells, consistent with the ability of the mutant to interfere with wild-type ZBTB7A (Figure 7b ). In agreement with the ability to regulate glycolytic genes, wild-type ZBTB7A inhibited, whereas the mutant stimulated glycolysis, as reflected by the measurements of glucose consumption and lactate production ( Figure 7c ). To examine whether the altered metabolism was responsible for the difference in cell proliferation, we treated cells with a glycolysis inhibitor, 2-deoxyglucose. Interestingly, the three cell lines exhibited a different sensitivity to glycolysis inhibition that correlated with the difference in glycolytic metabolism.
Relative to the vector control cell line that showed a modest sensitivity to 2-deoxyglucose, wild-type ZBTB7A expressing line was resistant, whereas the R399L expressing line exhibited a heightened sensitivity to inhibition of glycolysis (Figure 7d ). To determine the relevance of this observation for tumorigenesis, we generated xenograft tumors with cell lines expressing control vector, wild-type or R399L ZBTB7A in mice. In agreement with the in vitro data, the expression of wild-type ZBTB7A Con  WT  P14S  S22R  R49H  K60R  D78E  R112C  P184S  Q322L  S326L  S357R  R377L  C387F  I391L  R399L  R402H  T403N  H404R  G406V  P409S  C412Y  K424N  K424T  R430W  T461M  L463M  Y466D  A522T  E541K  G562D  D576V   WT  P14S  S22R  R49H  K60R  D78E  R112C  P184S  Q322L  S326L  S357R  R377L  C387F  I391L  R399L  R402H  T403N  H404R  G406V  P409S  C412Y  K424N  K424T  R430W  T461M  L463M  Y466D  A522T  E541K  G562D  D576V pGL3-PFKP Luc/ Rennila   Con  WT  P14S  S22R  R49H  K60R  D78E  R112C  P184S  Q322L  S326L  S357R  R377L  C387F  I391L  R399L  R402H  T403N  H404R  G406V  P409S  C412Y  K424N  K424T  R430W  T461M  L463M  Y466D  A522T  E541K  G562D (c) Expression of wild-type and various mutated ZBTB7A are detected by western blot analysis using anti-Xpress tag antibody. β-Actin serves as loading control. The protein expression of R49H is significantly less than wild type and all other mutants, and is further studied in Figure 3 .
suppressed the tumor growth, whereas the R399L counterpart lost the ability to suppress and instead promoted tumor progression (Figures 7e and f) .
DISCUSSION ZBTB7A, also known as 'Pokemon', was originally identified as a proto-oncogene, owing to its ability to repress the transcription of tumor suppressor ARF. 1 Recent studies indicated ZBTB7A as a context-dependent cancer gene. For instance, ZBTB7A was found to be a tumor suppressor in mouse prostate cancer. 16 We recently reported a tumor suppressive function of ZBTB7A in multiple human solid tumors and ZBTB7A does so by transcriptional suppression of glycolysis genes. 17 Apart from reduction of copy number owing to deletion of 19p13.3 chromosome locus where the ZBTB7A gene resides, we uncovered recurrent somatic mutation within the zinc finger domain of ZBTB7A as an alternative mechanism of inactivation. Of note is the finding that in addition to loss of function, the mutant seemed to be able to interfere with the function of co-expressed wild-type ZBTB7A, consistent with a dominant negative mechanism of action.
Cancer-associated ZBTB7A somatic mutations have not been reported or studied previously, likely owing to its relatively low mutation frequency when compared with frequently mutated cancer genes like P53, PTEN. However, recent cancer genome studies have shown that many cancer-associated gene mutations occur at a relatively low frequency. 18 Many of such mutations are quite relevant to the development of human cancer because of the growth advantage associated with the gene mutation or driver mutation.
Although mutations were found in many different regions of the ZBTB7A gene, a marked enrichment of mutations within the zinc finger domain was detected, suggesting a selection event during tumorigenesis. Indeed, cells harboring ZBTB7A (R399L), a mutation within the zinc finger region, exhibited growth advantage over the control cells. Functional characterization of the mutants as a transcription repressor demonstrated that mutations within the zinc finger regions resulted in abrogation of DNA binding, leading to loss of function. Moreover, the zinc finger mutants appeared to have a dominant negative activity against wild-type ZBTB7A. This is significant because the somatic mutations on single allele are usually at a much higher frequency than on both alleles, resulting in co-existence of both wild-type and mutant ZBTB7A proteins in cancer cells. The dominant negative feature will likely provide growth advantage driving cancer progression.
In agreement with the metabolic mechanism of tumor suppression that we recently reported, the loss-of-function mutation in ZBTB7A was associated with upregulation of its target glycolytic genes and consequent glycolysis. Importantly, the oncogenic activity of the ZBTB7A mutant appeared to largely depend on the elevated glycolysis as the growth of cancer cells harboring the mutation were effectively suppressed by inhibition of glycolysis. The heightened sensitivity of the ZBTB7A mutant expressing cancer cells to the glycolytic inhibitor carries important therapeutic implication.
In summary, our study uncovers somatic mutation within the zinc finger domains as a novel mechanism alternative to chromosome deletion in the inactivation of tumor suppressor function of ZBTB7A. The dominant negative function of the zinc finger mutant of ZBTB7A represents an important cancer driver mechanism promoting tumor progression. The dependency of ZBTB7A mutant cancer cells on glycolysis offers an attractive therapeutic opportunity.
MATERIALS AND METHODS

Human cancer genomic analysis
All somatic mutation information of ZBTB7A, BCL6, ZBTB16 (PLZF) are downloaded from cBio, 21 Table S3 ). Using 10 amino acids as a sliding window, we calculated that the threshold for significant enrichment of mutations is four, and the P-value is 0.036. This means that if there are four or more mutations in a 10-amino acid window, then this region is significantly enriched of mutations.
For PLZF:
PLZF protein has 673 amino acids, in total 117 missense mutations are observed (Supplementary Table S4 ). Similarly, using 0.05 as the significance level, we calculated the threshold for enrichment of at least four mutations per 10 amino acids using this formula. The right tail probability of observing at least four mutations is equal to 0.03.
Cell culture
Human embryonic kidney 293 cells; human colorectal adenocarcinoma cell SW48 were cultured in DMEM (Corning, Cellgro, Manassas, VA, USA) plus 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 100 U/ml penicillin G and 100 μg/ml streptomycin (Corning, Cellgro). 
Antibodies and reagents
Anti-ZBTB7A antibody (13E9, Santa Cruz, Dallas, TX, USA) was used for western blot; Anti-Xpress antibody (Invitrogen, Grand Island, NY, USA) was used for chromatin immunoprecipitation, western blot and immunofluorescence; anti-β-actin antibody (AC-15, Sigma) was used for western blot; anti-Hsp90 antibody (AC-16, Sigma) was used for western blot; MG132 was brought from Sigma.
Plasmid construction and mutation
Human ZBTB7A was cloned into pcDNA 3.1/His C vector (Invitrogen) using KpnI, XbaI restriction enzyme digestion and ligation. The resulting plasmid is termed pcDNA-ZBTB7A. The pcDNA 3.1/His C vector contain Xpress tag for detection by western blot or immunofluorescence. Plasmid pcDNA-ZBTB7A was mutated with QuikChange II XL Site-Directed Mutagenesis Kit (Agilent, Santa Clara, CA, USA) according to the manufacturer's protocol. Mutation primers are listed in Supplementary Table S2 . All the mutations have been confirmed by Sanger sequencing in GENEWIZ.
Promoter activity luciferase assay Two hundred and ninety-three cells were cultured in 48-well plates, transfection was started when cells reached 50% confluency. Twenty nanograms of pGL3-GLUT3, pGL3-PKM, pGL3-PFKP vectors, 10 ng of pRL-CMV renilla luciferase reporter and 20 ng of pcDNA control or wild-type and various mutated pcDNA-ZBTB7A expression plasmid were cotransfected into 293 cells. To check the dominant negative effects of ZBTB7A mutants, 0, 20 ng, 40 ng and 60 ng of mutated ZBTB7A were cotransfected with 20 ng of wild-type ZBTB7A. After 36 h, the luciferase and renilla activity was measured with the dual luciferase reporter assay system (Promega, Madison, WI, USA) according to manufacturer's instruction.
Immunofluorescence
Two hundred and ninety-three cells were seeded in 24-well plates containing round glass coverslips cells, and were transfected with plasmid pcDNA-ZBTB7A (wild-type or various mutated ZBTB7A) using Lipofectamine 2000 reagent (Invitrogen). Forty-eight hours after transfection, cells were fixed with 4% paraformaldehyde, permeabilized in 0.1% Triton-X-100/phosphate-buffered saline. Coverslips were then incubated with primary antibody diluted in 1% BSA/phosphate-buffered saline for 1 h. After washing, coverslips were incubated in secondary antibody diluted in 1% BSA/phosphate-buffered saline for 1 h. Coverslips were washed, stained with DAPI, mounted and analyzed by fluorescent microscopy.
Immunoblot
Cells were lysed in buffer (50 mM Tris, pH8.0; 150 mM NaCl; 1% NP-40 and 0.1% SDS). Protein concentrations of the lysates were measured by Bradford assay. The protein lysates were boiled with Laemmli protein sample buffer, and then resolved by SDS-polyacrylamide gel electrophoresis and immunoblotted with the indicated antibodies.
Cell proliferation assay
Cells were seeded in 12-well plates at a density of 10 4 /well, then left to grow for 4 days in the presence or absence of 2 mM 2-deoxy-D-glucose (2-deoxyglucose; Sigma). Cells were fixed by paraformaldehyde at each time point, and stained with crystal violet. After extensive washing, crystal violet was re-solubilized in 10% acetic acid and quantified at 595 nm as a relative measure of cell number as described previously. Glucose uptake and lactate production measurement A total 3 × 10 4 cells were seeded into 24-well plates; the next day, cells were washed two times with culture medium and fresh culture medium was added; 5 h later, cell culture medium was collected and frozen in − 80°C, the cell numbers in each well were counted using a hemocytometer. Glucose and lactate concentration in the collected cell culture medium were measured using colorimetric kit (Biovision, Milpitas, CA, USA) according to the attached protocol.
ZBTB7A wild type, R399L, R402H stable expression cell line generation
The pcDNA-ZBTB7A (wt, R399L, R402H) plasmids were transfected into SW48 cells; 2 days later, G418 selection (500 μg/ml) was started for 2 weeks; the polyclonal cells after selection were used for downstream analysis.
Chromatin immunoprecipitation
Chromatin immunoprecipitation was performed as described previously. 24 Briefly, protein-DNA complexes were crosslinked for 10 min at room temperature with 1% formaldehyde added directly into the culture medium. Reaction was stopped by addition of glycine (final concentration: 0.125 mol/l) incubated for 5 min through gentle rocking. The cells were washed with phosphate-buffered saline and buffer (10 mM Tris pH 8.0, 10 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100), then suspended in 200 μl lysis buffer (1.1% Triton X-100, 4 mM EDTA, 40 mM Tris pH 8.1, 300 mM NaCl) and submitted to sonication to produce small DNA fragments (200-1000 bp). Chromatin was pre-cleared and immunoprecipitated with the anti-Xpress antibody (Invitrogen). Precipitated DNA and protein complexes were reverse crosslinked, proteins digested with proteinase K (Fermentas, Grand Island, NY, USA) and DNA fragment were purified with a QIAquick PCR Purification Kit (Qiagen, Hamburg, Germany). The purified DNAs were amplified by real-time quantitative PCR using StepOnePlus (Applied Biosystems, Grand Island, NY, USA) and SYBR Green JumpStart Taq ReadyMix (Sigma). Primers to quantify the abundance of human GLUT3 and PFKP promoter: GLUT3CHIP-5 5′-CCCCTGAAGCAATCTTGTGATC-3′; GLUT3CHIP-3 5′-AAAAACCCAGGGTGGAGAGAG-3′; PFKPCHIP-5 5′-TCATCTCT AGAGCCCCCAAC-3′; PFKPCHIP-3 5′-GTGTGGGCAGGAGCATCTAC-3′. Primers as internal control: NegCHIP-5 5′-ATGGTTGCCACTGGGGATCT-3′; NegCHIP-3 5′-TGCCAAAGCCTAGGGGAAGA-3′.
Nude mice tumor formation assay
A total 2 × 10 6 SW48 cells stably expressing wild-type, R399L ZBTB7A or control vector were subcutaneously injected into the flank of nude mice (nu/nu, female, 6-8 weeks old, Charlies River Laboratories, Wilmington, MA, USA). The size of the tumor was measured with a caliper every 4 days. Tumor volume was calculated by using the formula V = (π /6) (d1 × d2) 3/2 . At the end point, mice were euthanized and the tumors from each mouse were excised and total RNA was extracted with TRIzol Reagents, or the tumor was fixed in formaldehyde, embedded in paraffin and sectioned for histological staining. All animal procedures were conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee at the Harvard School of Public Health.
Statistical analysis
Unpaired two-tailed Student's t-test was used for the comparisons of the means, error bars represent s.d. The statistical significances between data sets were expressed as P-values, and Po0.05 was considered statistically significant.
